Phosphorylated carbohydrates are the main photoassimilated export products from chloroplasts that support the energy household and metabolism of the plant cell. Channels formed by the chloroplastic outer envelope protein OEP21 selectively facilitate the translocation of triosephosphate, 3-phosphoglycerate and phosphate, central intermediates in the source-sink relationship between the chloroplast and the cytosol. The anion selectivity and asymmetric transport properties of OEP21 are modulated by the ratio between ATP and triosephosphates, 3-phosphoglycerate and phosphate in the intermembrane space. Conditions that lead to export of triosephosphate from chloroplasts, i.e. photosynthesis, result in outward-rectifying OEP21 channels, while a high ATP to triosephosphate ratio, e.g. dark metabolism, leads to inward-rectifying OEP21 channels with a less pronounced anion selectivity. We conclude that solute exchange between plastids and cytosol can already be regulated at the level of the organellar outer membrane.
Introduction
Members of the plastid organelle family carry out vital biosynthetic functions in every plant organ. Chloroplasts, chlorophyll-containing plastids, carry out photosynthesis, which converts atmospheric carbon dioxide to carbohydrates such as triosephosphate, starch and others. These and further biosynthetic pathway products and intermediates are exchanged continuously with the parent cell with the assistance of specific carrier proteins localized in the plastidic inner envelope (Flügge, 1998) and solute channels located in the chloroplastic outer envelope. While the inner envelope transport proteins, e.g. the triosephosphate/phosphate translocator (TPT), the dicarboxylic acid translocator or the hexose phosphate carrier, show a distinct substrate selectivity and specificity, it is not clear to what extent transport through the outer membrane channels is selective and regulated. Furthermore, it is not known how many different channels are present and are required in the outer membrane for plastid function. In mitochondria, a major solute channel with high conductance is represented by the voltage-dependent anion channel (VDAC) Kinnally et al., 1996) . Although evidence exists that besides the porin-like VDAC channel additional high conductance channels could be present in the mitochondrial outer membrane, only a second VDAC-like protein has been identified (Benz, 1994; Szabo et al., 1995) .
In Gram-negative bacteria, however, several different types of high conductance channels exist in the outer membrane (Nikaido, 1993) . (i) So-called porins form water-filled pores that allow the downhill diffusion of solutes, provided that the size of the solutes does not exceed the exclusion limit (~600 Da) of the channel pore (OmpF) (Schirmer et al., 1995) . Modulation of these channels by ATP and other effectors has been reported for some of these porins, which casts doubt on the concept of a generally open diffusion pore (Rudel et al., 1996; Delcour, 1997; Iyer and Delcour, 1997; Delcour, 1998, 1999) . (ii) Porin-like channels, e.g. LamB from Escherichia coli, carry specific sites through which selective diffusion processes are facilitated (Keller et al., 1994; Schirmer et al., 1995) . (iii) Ligand-gated pores, e.g. E.coli ferric enterobactin channels (FePA), provide energydependent uptake of nutrients into bacteria (Rutz et al., 1992; Jiang et al., 1997) .
The ancestral relationship of mitochondria and plastids to Gram-negative bacteria (Margulis, 1970; Gray, 1993; Martin and Müller, 1998) suggests the presence of multiple channel proteins in the organellar outer membrane. In pea chloroplast outer membranes, three channel proteins have been identified and functionally characterized thus far. The preprotein-conducting channel with prokaryotic ancestors is formed by Toc75 Bölter et al., 1998) . The outer envelope protein of 16 kDa (OEP16) forms a cation-selective highly conductive channel with a strong bias for amino acids and amines (Pohlmeyer et al., 1997) . The channel characteristics of the third channel protein identified, OEP24 (Pohlmeyer et al., 1998) , closely resemble those described for general diffusion pores (Benz, 1994) . The gating properties, i.e. opening and closing of different channels, might be coordinated to reflect the metabolic needs of the communicating partners, e.g. chloroplast and cytosol. Little is known about how modulation of outer membrane channels is achieved in vivo, because a substantial membrane potential, as simulated in vitro by a voltage gate, is not likely to exist across the outer membranes in situ (for a review, see Klebba and Newton, 1998) .
Here we describe the chloroplastic outer envelope protein from pea, OEP21. Reconstituted OEP21 protein forms a voltage-dependent, anion-selective channel. Of note is the asymmetric current-voltage relationship observed, as well as the tight modulation of the OEP21 5) . Recombinant OEP21 was recovered from insoluble inclusion bodies (lane 2) and purified by cation-exchange chromatography (lane 3). The eluate (lane 3) was fractionated further by size exclusion chromatography: lane 4 shows the last collected fraction that contains a low molecular weight protein; lane 5, OEP21 used for reconstitution. Numbers on the left indicate molecular weight standards in kDa. (C) Immunoblot analysis of the presence of OEP21 in the outer envelope (OE), inner envelope (IE) and thylakoids (THY) from pea chloroplasts (10 μg of protein were loaded per lane), pea etioplasts, potato mitochondria or total membrane proteins from leaf, shoot or roots from pea (100 μg of protein loaded per lane). PIS, pre-immune serum; α-OEP21, antiserum to OEP21. (D) Purified outer envelope membranes were either not treated (-) or treated (ϩ) with the protease thermolysin (Th), extracted with Na 2 CO 3 at pH 11, 1 M NaCl or 4 M urea and separated into a soluble (S) and insoluble membrane fraction (M). An immunoblot is shown using an OEP21 antiserum. The arrowheads indicate two proteolytic fragments of OEP21. (E) Purified intact pea chloroplasts (equivalent to 20 μg of chlorophyll) were either not treated or treated with thermolysin. Total chloroplast membrane proteins were separated by SDS-PAGE and analysed for the presence of the different envelope proteins by immunoblot. (F) Immunogold labelling of ultra thin sections from pea leaves using the OEP21 antiserum. An overview is shown on the left. The right upper and middle panels represent independent labelling events of pea chloroplasts. The lower right panel is an enlargement of the overview indicated by the arrowhead. The scale bar represents 100 nm for the enlargements and 360 nm for the overview.
Fig. 2.
Comparison of OEP21 and pSSU translocation into chloroplasts. Intact pea chloroplasts were incubated with 35 S-labelled OEP21 (A and C) or pSSU (B) translation product (TL) for 10 min at 25°C. Chloroplasts were either not treated or treated with the protease thermolysin prior to the translocation reaction as indicated on the top of the figure. (A) Chloroplasts were recovered after import, washed and either not treated or treated with Na 2 CO 3 at pH 11.5 or 1 M NaCl as indicated and separated into soluble (S) and insoluble membrane (M) fractions. (B and C) Insertion of pSSU and OEP21 translation product in the absence (-) or presence (ϩ) of 2 mM ATP. TL, translation product, 10% of which was added to an import reaction. A fluorogram is shown. channel activity by nucleotides and carbon intermediates of photosynthesis from the intermembrane space between the inner and outer plastid membrane. We conclude that the transport from and into plastids can already be regulated at the level of the outer membrane.
Results
Candidate outer envelope channel proteins should possess most of the characteristics of known channel proteins: (i) they are relatively abundant, because plastids are involved in many high 'throughput' biosynthetic pathways; (ii) many channel proteins are deeply embedded in the membrane and are resistant to proteolysis, e.g. the mitochondrial VDAC or the chloroplastidic OEP24, OEP16 and Toc75; and (iii) most channel proteins have a neutral or alkaline isoelectric point, e.g. VDAC, OMPF, OEP16 and OEP24. An unknown outer envelope polypeptide from pea with an apparent mol. wt of 21 kDa was found to be abundant on SDS-PAGE ( Figure 1B ) and exhibited an alkaline isoelectric point. We therefore decided to analyse this protein in detail.
N-terminal and internal peptide sequences with overlapping sequence information ( Figure 1A) were obtained for the 21 kDa protein after SDS-PAGE separation of purified outer envelope membranes. The N-terminal protein sequence started with the amino acid glutamine, indicating that either the start methionine had been removed after 5507 translation, as detected frequently in a eukaryotic system (Walker and Bradshaw, 1999) , or that the 21 kDa polypeptide represents only a proteolytic fragment of a larger protein. Digoxygenin-labelled oligonucleotides were used to isolate the corresponding cDNA clone from a pea expression library. Both peptide sequences were found in the deduced open reading frame (ORF), thus demonstrating that the cDNA clone peacOEP21 codes for the 21 kDa protein ( Figure 1A) . However, the deduced amino acid sequence of peacOEP21 lacked the start methionine and the first triplet coded for glutamic acid instead of glutamine in the protein sequence. A new homologous screening of the pea cDNA library did not result in a different isolate. We therefore decided to screen a pea genomic DNA library. The deduced ORF of the genomic clone peag-OEP21 contained the missing start methionine, but had no further coding sequence information compared with peacOEP21. PeagOEP21 contained a stop codon 36 bp upstream of the putative start ATG codon. From these data, we conclude that the outer envelope 21 kDa polypeptide represents a full-length protein, from which methionine has been removed after translation. A protein of 177 amino acids, a calculated mol. wt of 20.8 kDa and an isoelectric point of 9.6 can be deduced from the coding sequence ( Figure 1A ) which was deposited in the DDBJ/ EMBL/GenBank (accession No. AJ009987). We named the protein OEP21. Protein sequencing of OEP21 from two independent outer envelope preparations ( Figure 1B ) indicated glutamine as the N-terminal amino acid, while the ORFs of both peacOEP21 and peagOEP21 code for glutamic acid. It remains to be established whether this is due to a post-translational modification or to an in vitro artefact during the isolation of the OEP21 polypeptide. A database search revealed no significant homologies to other proteins, except to expressed sequence tags from rice and corn (accession Nos D49096 and AJ006545, respectively), indicating the presence of OEP21 in both monocotyledonous and dicotyledonous plants.
Sequence analysis reveals that OEP21 has an unusually high content of polar and charged amino acids (51%) for a membrane protein. Indeed, a computer algorithm that is also able to predict membrane proteins, e.g. TopPredII (von Heijne, 1992) , indicated that OEP21 is likely to be a soluble protein. To establish further its chloroplast origin, immunolocalization and protein translocation experiments were conducted. An antiserum raised against the recombinant protein recognized one protein in the chloroplastic outer envelope. Little or no cross-reaction occurred with inner envelopes or thylakoids and mitochondria ( Figure 1C ), respectively. OEP21 is present in chloroplasts, etioplasts and non-green plastids from roots, demonstrating its presence in different plastid types ( Figure 1C ). OEP21 is resistant to extraction at pH 11.5, with high salt and 4 M urea, respectively, thus behaving like an integral membrane protein (Fujiki et al., 1982;  Figure 1D ). Treatment of right-side-out outer envelope vesicles with the protease thermolysin results in two distinct proteolytic fragments of 14 and 10 kDa apparent mol. wt ( Figure 1D ). Both fragments are resistant to extraction at pH 11.5. When intact chloroplasts were treated with the protease thermolysin, the outer envelope proteins Toc160, Toc34 and OEP21 were proteolytically cleaved. The proteolytic fragments obtained from OEP21 in intact chloroplasts Woody (1993, 1994) . P-2, disturbed helix in the presence of two prolines. (C) Hydropathy plot (Gilbert, 1992) predicted secondary structure (Rost and Sander, 1993) were of similar size to those in isolated outer membranes. The thermolysin-resistant protein Toc75 and the inner envelope protein Tic110 were not degraded by thermolysin in intact chloroplasts ( Figure 1E ). Together, these data indicate that OEP21 exposes a protease-sensitive loop at the cytoplasmic face of the outer envelope membrane (see also below). Immunogold labelling of ultra thin sections from pea leaves (n Ͼ100) also supports the chloroplast origin of OEP21 and its localization in the outer envelope ( Figure 1F ).
Radiolabelled OEP21 translation product was found to insert into intact chloroplasts that had either not been treated or been treated with protease to remove surfaceexposed receptor components that initiate translocation of precursor proteins ( Figure 2A ). The OEP21 translation product inserted slightly more effectively into proteasepretreated chloroplasts, perhaps because the accessible lipid membrane surface increases due to the removal of large exposed polypeptide epitopes. Insertion of proteins without a cleavable transit sequence is also independent of ATP ( Figure 2C ). In contrast, the precursor of the stromal protein SSU (small subunit of ribulose-1,5-bisphosphatecarboxylase, pSSU) requires the hydrolysis of ATP for import (Ͼ100 μM) and the presence of proteasesensitive presequence receptors at the organellar surface ( Figure 2B ). From the results presented in Figures 1 and  2 , we conclude that OEP21 is indeed localized in the outer envelope of pea chloroplasts.
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Expression and structural analysis of OEP21
In order to characterize the functional properties of OEP21, the pea protein was heterologously expressed in E.coli cells. The protein was recovered from insoluble inclusion bodies, denatured in 6 M guanidine-HCl and purified further by cation exchange chromatography and size exclusion chromatography. The isolation protocol resulted in OEP21 purified to apparent homogeneity ( Figure 1B , lanes 2-5). The circular dichroism (CD) spectra of the reconstituted heterologously expressed OEP21 protein show that β-sheets are the most frequent secondary structure element ( Figure 3A ). The CD data also allow calculation of the relative content of secondary structures (α ϭ 0.11; β ϭ 0.46; P2 ϭ 0.23; other ϭ 0.20) ( Figure 3B ) (Pohlmeyer et al., 1997 (Pohlmeyer et al., , 1998 Hill et al., 1998) . These results are in line with the secondary structure predictions by the PHD or PSD programs (Pattern Structure Database), which both predict an α-helix content Ͻ15% for OEP21, while the predicted amount of β-sheets was Ͼ40%. Furthermore, available computer algorithms do not indicate the presence of a transmembrane α-helix in OEP21 (Gilbert, 1992; Rost and Sander, 1993; Rost et al., 1994) ( Figure 3C ). From the above predictions, we obtained the putative secondary structure and hydropathy profile as outlined in Figure 3C . According to these results, OEP21 contains eight amphipatic β-strands spanning the membrane and a hydrophilic loop from about G 107 -G 108 to approximately G 124 -G 125 carrying four positive charges and two adjacent positive charges (K 104 , K 106 ; see Figure 1A ). The putative secondary structure resembles that of OMP21 from Comamonas acidovorans and other similar proteins that are characterized by eight transmembrane β-strands, large exoplasmic loops and a C-terminal domain in the periplasmic (intermembrane) space. Some of these proteins are proposed to form membrane pores (Baldermann et al., 1998) . In the hydrophilic C-terminal part of the protein, we localized a potential ATP-binding site of the FX 4 K type, which has a rectifying role in potassium-selective channels (D.B. Drain et al., 1998) . Support for functionality of this motif comes from photoaffinity labelling with azido ATP ( Figure 3D ), which demonstrates that OEP21 binds ATP. In order to identify proteins in close physical proximity 5509 to OEP21, purified outer envelope membranes were incubated with different chemical cross-linking reagents. No partner proteins could be detected except for the formation of homo-oligomeric states of OEP21. Immunoblotting and co-immunoprecipitation experiments indicated that the dimeric form was most prominent, but trimers were also detectable at higher cross-linker concentrations ( Figure 3E ). How this correlates with OEP21 function remains to be established.
OEP21 forms an intrinsically rectifying anion channel with subconductant states
The data so far strongly supported our idea that OEP21 may form a solute channel. The purified protein was reconstituted into liposomes as described in detail previously (Pohlmeyer et al., 1997 (Pohlmeyer et al., , 1998 . After fusion of OEP21 liposomes with planar lipid bilayers, voltage-dependent single channel currents could be well resolved, provided measurements were performed in solutions with ionic strength ജ250 mM. Single channel activity was observed at both positive and negative membrane potentials ( Figure 4A ). The OEP21 channel displayed complex gating with multiple open channel amplitudes ( Figure 4B ). Direct transitions between the different open channel amplitudes were observed, indicating that these amplitudes represent subconductant states of a single channel rather than simultaneous openings or closures of independent channels with various amplitudes and rise times of gating Ͻ200 μs, the time resolution of the experiment. In the histogram of the current recordings, three sublevels were clearly resolved at a holding potential of 80 mV (ΔI 1 ϭ 13.4 pA, ΔI 2 ϭ 20.4 pA, ΔI 3 ϭ 44.7 pA) ( Figure 4B ),while the number of counts for the fourth level with ΔI 1ϭ 29 pA was too low to be resolved. In different independent bilayer experiments, the high conductance state of the OEP21 channel was Λ ϭ 950 Ϯ 30 pS (n Ͼ5) in symmetric 1 M NaCl (as deduced from Figure 4C ). Frequent subconductance levels were observed at Λ 1 ϭ 430 Ϯ 20 pS (n ϭ 5) and Λ 2 ϭ 280 Ϯ 20 pS (n ϭ 5). In symmetric 250 mM NaCl, the highest conductance of the OEP 21 channel showed a value of Λ ϭ 350 Ϯ 10 pS (n Ͼ20). The current-voltage relationship of the open single channel was asymmetric, even in symmetric buffers on both sides of the membrane ( Figure 4C ), as observed in Ͼ10 sets of independent bilayer experiments. This shows that the OEP21 channel is intrinsically rectifying, probably due to interactions of the permeating ions with the channel pore, which presumably exhibits an asymmetric potential profile along the channel pore (see also below). Moreover, the applied fusion technique yielded OEP21 channels incorporated into the bilayer membrane with a single preferential direction, otherwise the asymmetric current-voltage relationship ( Figure 4C ) could not have been observed. When a voltage gate of 60 s was applied across an OEP21-containing bilayer, the averaged mean currents passing the OEP21 channel decreased with increasing membrane potentials ( Figure 4D ). This decrease was more pronounced at negative potentials than at positive potentials. The data from Figure 4C and D have been obtained from the same bilayer, therefore they may be used to calculate the mean open probability (averaged for all sublevels) of the OEP21 channel at different membrane potentials ( Figure 4E ). Obviously, the open probability of the recombinant reconstituted channel is high (P open Ͼ0.2) only in a narrow range of membrane potentials from V m ϭ 0 mV to V m ϭ ϩ50 mV, while reconstituted envelope membranes contain open OEP21 channels at 0 mV (see below). In asymmetric buffers (2 M KCl/250 mM KCl cis/trans), the OEP21 channel revealed a reversal potential of E rev ϭ -18.5 Ϯ 2.8 mV (E Cl -ϭ -5 mV, E K ϩ ϭ ϩ35 mV) ( Figure 4F ). These results demonstrate that OEP21 forms an anion-selective channel. The lower conductance states of the OEP21 channel revealed a slightly higher selectivity for cations over anions ( Figure 4F ). The conductance (Λ 1 ) with 40% of the fully open channel amplitude revealed a reversal potential of E rev ϭ -28 Ϯ 3.6 mV. Conversion of the reversal potential into relative permeabilities by the Goldman-Hodgkin-Katz (GHK) approach yielded the permeability ratios of P Cl -/ P K ϩϭ 3:1 and P Cl -/P K ϩϭ 5:1, respectively. From the single channel conductance, we can estimate the approximate diameter of the aqueous OEP21 channel as d channelϭ 2.1 nm (Hille, 1968) , taking into account that the conductivity of the electrolyte solution within the pore is~5ϫ lower than in the bulk solution (Smart et al., 1997) .
In bi-ionic measurements, we investigated the relative permeability of the OEP21 channel for 3-phosphoglycerate (3PGA), glucose-6-phosphate (G6P), triosephosphate (TP), HPO 4 2-and others. All ions were able to permeate OEP21 (not shown). These measurements allowed calculation of the permeability ratios for those ions that carry a uniform charge under the experimental conditions (Table I) (Hille, 1968) . Conversion of the measured reversal potentials into permeability ratios by the GHK constant field approach revealed higher permeability for the divalent anions SO 4 2-and HPO 4 2-. The apparent higher permeability of the divalent anions implies that they interact more strongly with the OEP21 channel pore than monovalent anions. Rectification and ion selectivity of the OEP21 channel are regulated by ATP/triosephosphate and other phosphates When 1 mM ATP was added to the trans compartment of the bilayer containing active OEP21 channels, we observed a drastic change in the reversal potential and the shape of the current-voltage relationship ( Figure 5A , C and D).
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The addition of ATP resulted in a switch of positive to negative current at V m ϭ 0 mV ( Figure 5A ), i.e. rectification at positive voltages (see also Figure 4C ) in the absence of ATP changed to rectification at negative voltages. Concomitantly, the ratio of slope conductance (a measure of the degree of rectification) of bilayers at positive (V m Ͼ V rev ) and negative (V m Ͻ V rev ) membrane potentials shows that 1-5 mM ATP when added to the trans compartment is sufficient at negative potentials to decrease anion currents from the trans to the cis compartment ( Figure 5B ). The permeability ratios in the absence or presence of 1 mM ATP changed from P Cl -/P K ϩϭ 3:1 to P Cl -/P K ϩϭ 1:4, respectively. We conclude that rectification of the OEP21 channel and its selectivity are regulated by ATP in a concentration-dependent manner from one side of the membrane only. GTP revealed the same changes as ATP on the rectification and reversal potential of reconstituted OEP21 (data not shown). When ATP was added to the cis compartment under the same ionic strength conditions (opposite gradient), neither a change in reversal potential nor a change in the profile of the current-voltage relationship of the OEP21 channel was observed (see Figure 5E and F). The site specificity of this effect was observed in Ͼ100 independent bilayer experiments. The ATP concentration dependence of this reversal potential change follows a typical saturation isotherm ( Figure 6A and B). The data can be fitted by a two-site binding model: one high affinity binding site (K b ϭ 148 Ϯ 38 μM ATP, ΔV max ϭ 23.6 mV) and a second lower affinity site of K b ϭ 18.5 Ϯ 5 mM ATP, ΔV max ϭ 18.4 mV. Different phosphate-containing metabolic intermediates, i.e. 3PGA, TP, G6P, pyrophosphate (PP i ) and phosphate (P i ), were tested for their capacity to substitute ATP in its effect on the activity of the OEP21 channel. All tested substrates were able to change the reversal potential in a concentration-dependent manner ( Figure 6D and E, Table II ). However, the extent of the maximal reversal potential changes was significantly lower. The binding constants calculated for 3PGA, G6P, TP, PP i and P i were also lower than for ATP (Table II) . The exception was ADP which revealed a binding affinity for OEP21 similar to ATP ( Figure 6C , Table II ). In all cases, the effects were only observed when the effectors were added from the trans compartment. Competition experiments show that TP and, at higher concentrations, also 3PGA can reverse the effect of ATP on the reversal potential ( Figure 6F and G). In the absence of competitor, ΔV rev was 24 mV at 1 mM ATP ( Figure 6F ) and 28 mV at 2 mM ATP ( Figure 6G ). V rev decreased with increasing competitor concentration to ΔV rev ϭ 9 mV at 8 mM TP ( Figure 6F ) and to 8 mV at 20 mM 3PGA ( Figure 6G) . Concomitantly, the current density from the trans to the cis compartment increased significantly. Therefore, TP and 3PGA can reverse the effect of ATP on the reversal potential of OEP21. Moreover, the ion selectivity of the channel and current density from the cis to the trans compartment and vice versa are regulated by the ratio of the ATP/TP and 3PGA concentrations.
Chloroplast outer membrane vesicles contain an ion channel activity with properties identical to the reconstituted OEP21
In order to reconcile the channel activity of OEP21 described above with possible activities in the chloroplast The cis compartment contained 2 M NaCl, 10 mM MOPS-Tris pH 7.0, and the trans compartment contained 250 mM NaCl, 10 mM MOPS-Tris pH 7.0. The ordinate shows the change of reversal potential after addition of the amount and type of effector (abscissa) indicated to the trans compartment of the bilayer. Where indicated, the effector was added to the cis compartment with an opposite concentration gradient (cis 250 mM NaCl, 10 mM MOPS-Tris pH 7.0; trans 2 M NaCl, 10 mM MOPS-Tris pH 7.0). Data points are averages of n ജ3 experiments. (F and G) Competition between ATP/ GAP and ATP/3PGA. Measurements of the reversal potential as a function of added competitor concentration. Bilayers contained between one and three active copies of the OEP21 channel (cis 2 M NaCl, 10 mM MOPS-Tris pH 7.0; trans 250 mM NaCl, 10 mM MOPS-Tris pH 7.0). Data points are averages of n ജ3 experiments. In (G), 2 mM ATP was used instead of 1 mM in (F) (see above).
outer envelope, we investigated the channel activity present in biochemically and morphologically well characterized outer membrane vesicles from pea chloroplasts.
Pea chloroplast outer membrane vesicles fused readily with planar bilayers, with concomitant appearance of ion channel activity. Most frequently, an anion-selective channel with V rev ϭ -26 mV, E Cl -ϭ -35 mV and a conductance of Λ ϭ 900 pS in asymmetric buffer was observed as single channel activity ( Figure 7A ) in comparison with the recombinant protein (V rev ϭ -28 mV, E Cl -ϭ -35 mV) (see below). In Ͻ5% of the fusion events, an additional large conductant cation channel with a reversal potential of V rev ϭ ϩ25 mV (V K ϩ ϭ ϩ35 mV, E Cl -ϭ -35 mV) and a conductance of Λ ϭ 1.1 nS was also present (details not shown). When ATP (1 mM) was added to the trans compartment of bilayers containing only the anion channel activity from pea chloroplast outer membrane vesicles, we observed a drastic change in the reversal potential (see Figure 7A and B). After washing the ATP out of the compartment, the original conductance properties were again obtained (compare Figure 7A and C). We then reversed the NaCl concentration in the cis and trans chamber, i.e. 0.25 M NaCl cis versus 2 M NaCl trans ( Figure 7D ). Addition of 1 mM ATP to the cis compartment had no effect on the reversal potential and conductance properties of OEP21 from envelopes ( Figure 7E ), demonstrating again that ATP can bind to one side of the channel and exert its effects from the trans side only. The change in the conductances of envelope OEP21 is a function of the ATP concentration ( Figure 7F ), and half-maximal changes are reached at~70 μM ATP. We also tested whether TP and 3PGA have a similar effect on the reversal potential of the anion channel in the chloroplast outer membrane vesicles and observed qualitatively the same changes as described above in detail for the reconstituted OEP21 channel (Table II) .
The general similarity of functional properties of reconstituted OEP21 and the anion channel in outer membrane vesicles from pea chloroplasts strongly indicates that both channels are most likely to be identical. Since it is known that the pea chloroplast outer membrane vesicles are isolated in a right-side-out orientation (Waegemann et al., 1992) , and the applied fusion technique exposes the internal side of the vesicles towards the trans compartment (Zimmerberg et al., 1980; Niles and Cohen, 1987; Niles et al., 1989; Cohen and Niles, 1993) , we can now conclude that the trans bilayer compartment refers to the intermembrane space of the chloroplast. Thus, in vivo, the ATP/triosephosphate binding sites of the OEP21 solute channels are located in the intermembrane space between the two membranes.
Discussion
The electrophysiological results obtained with outer membrane vesicles from pea chloroplasts revealed that two types of channel activities were detectable after fusion into planar bilayers: first, a cation-selective channel (not further characterized), and secondly, an anion-selective channel with properties almost identical to those of reconstituted recombinant OEP21. In the case of both reconstituted recombinant OEP21 and outer envelope membranes, we observed site-specific effects of low concentrations of ATP and other phosphates on the channel activity from the trans side only. This demonstrates that in both cases the anion-selective channels were incorporated into the planar bilayer with a single preferred orientation. For reconstituted OEP21, this preferred incorporation is also corroborated by the asymmetric current-voltage relationship of the single open channel. Similar unidirectional incorporation of OMP32 from C.acidovarans and concomitant asymmetric open channel characteristics have been observed previously (Mathes and Engelhardt, 1998) . Osmotically-induced fusion of OEP21 proteoliposomes or chloroplast outer membrane vesicles with planar bilayers results in an exposure of protein epitopes localized on the inside of the vesicle towards the trans compartment (Zimmerberg et al., 1980; Akabas et al., 1984; Cohen et al., 1984) . We conclude that the ATP binding site of OEP21 from chloroplasts is located in the intermembrane space. This site is probably located at the C-terminal part of the protein and is presumably of the FX 4 K type (F 164 -X 4 -K 169 ) (see Figure 1) (D.B.McIntosh et al., 1996; Drain et al., 1998) . When ATP binds to the OEP21 channel, the reversal potential changes drastically towards positive voltages and the direction of the current rectification changes to the opposite direction. The mitochondrial VDAC and PorB from Neisseria have also been shown to interact with purine nucleoside triphosphates, which caused a shift in the voltage dependence of the open probability and the ion selectivity (Rudel et al., 1996) .
Our measurements show that anions such as HPO 4 2-, PP i , 3PGA, G6P and TP have a high affinity for the OEP21 channel; however, the bi-ionic measurements in particular clearly indicate that these solutes are also permeant. Although our data for ATP and other nucleoside tri-and di-phosphates do not directly allow a similar conclusion to be drawn, we propose that these solutes (ATP has a cross-section of~1.85 ϫ 0.45 nm) should be able to pass through the~2.1 nm wide anion-selective channel. Carbohydrates synthesized from carbon dioxide during photosynthesis are exported from chloroplasts generally as TP (glyceraldehyde-3-phosphate, dihydroxyacetonephosphate) or 3PGA in a strict counter-exchange with phosphate by the inner envelope-localized TPT (Flügge, 1998) . TPs are then converted to sucrose in the cytosol, which is the main site of carbohydrate storage in heterotrophic plant organs. The TPT functions as an ATPindependent facilitator. The transport direction is therefore controlled solely by the concentration ratios of TP and 3PGA to phosphate inside versus outside of the organelle. But where is the outside of the organelle? Until recently, a concept of free diffusion of low molecular weight solutes anticipated the non-selective extrusion from the intermembrane space and the cytosol. Consequently, no differences in metabolite concentration should exist between both soluble compartments. In our opinion, this seems unlikely for several reasons: (i) in analogy to Gram-negative bacteria, which represent the progenitor of plastids (Margulis, 1970; Gray, 1993) , the intermembrane space is homologous to the periplasmic space, a compartment with its own biochemical function; (ii) a few selective solute channels have already been described in the chloroplastic outer envelope (Pohlmeyer et al., 1997 (Pohlmeyer et al., , 1998 ; and (iii) the outer envelope and the intermembrane space compartment could function as a buffer zone with additional regulatory properties to mediate between chloroplast and cytosol metabolism. This is supported by our observation that OEP21 is the only solute channel that is detected regularly in an open state when isolated envelope membranes are fused with planar bilayers (Figure 7 ). The OEP24 channel, which is also permeated by TP and other anions, seems to be closed under these conditions. Although the open probability of reconstituted OEP24 is highest at 0 mV, it seems physiologically sensible that permeability and gating of the OEP24 channel and other outer membrane channels is indeed controlled by metabolites. Consequently, these channels would be in a nonfunctional conformation at 0 mV. Then solute flux across the outer envelope membrane by channel proteins with overlapping substrate specificity will be monitored and regulated by the presence and ratio of the respective solutes.
In spinach leaves, TP concentrations vary between 0.2 mM in the stroma of chloroplasts and 0.6 mM in the cytosol, while 3PGA is at Ͼ4 mM in each compartment (Leidreiter et al., 1995) . The concentration of free phosphate is~7 mM in the stroma of spinach chloroplasts and 5-10 mM in the cytosol (Stitt et al., 1980) . In the light, TP are exported from the stroma across the inner envelope into the interenvelope space by the TPT in a strict counterexchange with phosphate. The actual concentration of both solutes in the intermembrane space together with 3PGA might reach between 10 and 15 mM under these conditions and favour an outward-rectifying OEP21 channel, i.e. efflux of TP. In the dark, carbon is no longer exported as TP and 3PGA but as hexoses (Flügge, 1998) . Furthermore, TP concentrations drop rapidly in the dark and the ratio of ATP to phospho solutes increases, resulting in an inward-rectifying OEP21 channel with a less pronounced anion selectivity (Figure 8) .
The channel properties of OEP21 in the presence of 1 mM ATP can be reversed by the addition of 10 mM TP or 3PGA (see Figure 6 ). This effect can be explained in two ways: first, ATP is displaced from its binding site by the phospho solute. We think that this is unlikely because the apparent binding constant (Table II) for ATP is between 70 and 150 μM, while those for the phospho solutes are 10-to 50-fold higher. Secondly, in the presence of~1 mM ATP (as present in vivo), the nucleotide binding site would always be occupied by ATP, while phospho solutes might bind to another site with a lower affinity. In the primary structure of OEP21, two clusters with an unusually high content of positively charged amino acids are located at R 6 -R 23 (six positive residues out of 17) and R 76 -R 90 (six positive residues out of 14). These regions of high positive charge density could be important for the binding of phospho solutes and hence the direction of rectification of the OEP21 channel. The change in the reversal potential can therefore be explained by the shielding of these positive charges in the channel vestibule. It seems physiologically reasonable to control the OEP21 channel properties from the intermembrane space, because fluctuation of metabolite transport across the inner membrane probably leads to pronounced concentration changes in this extremely small compartment.
We propose a new concept that defines the role of the chloroplastic outer envelope not as a non-specific sieve with a certain cut-off limit, but as a membrane actively engaged in selective solute transport by distinct channel proteins. Gating properties and channel characteristics not only of OEP21 but probably also of other channels as well are modulated by biosynthetic pathway intermediates from the chloroplast and the cytosol. We conclude that the chloroplastic outer envelope serves as a regulatory surface between the organelle and the cell.
Materials and methods
cDNA cloning and overexpression N-terminal and internal sequence information was obtained from untreated samples or after endoproteinase Glu-C (Roche Mannheim, Germany) digestion of SDS-PAGE-purified OEP21 of chloroplastic outer envelope membranes from pea (Cleveland, 1983) . The deduced nucleotide sequence was used as a template to synthesize digoxigeninlabelled oligonucleotides. A pea cDNA expression library (UniZAPXR, Stratagene, La Jolla, CA) was screened with these probes, resulting in the isolation of peacOEP21. Both strands were sequenced (Sanger et al., 1977) . PeacOEP21 was used to synthesize a random-primed digoxigeninlabelled probe by PCR, according to the manufacturer's recommendations (Roche Mannheim, Germany). A pea genomic DNA library (LambdaDash II, Stratagene) was screened to isolate a full-length clone peag-OEP21. Phage DNA containing peagOEP21 was prepared (Sambrook et al., 1989) and used directly for DNA sequencing, according to the manufacturer's protocol (Applied Biosystems, Weiterstadt, Germany). The DNA sequence reported in this study has the DDBJ/EMBL/GenBank accession No. AJ009987. The missing start methionine together with an NdeI site was introduced into peacOEP21 by PCR. The PCR product was digested with NdeI and XhoI and ligated into pET21b (Novagen, Madison, WI), resulting in peacOEP21pet. Our cloning resulted in a coding sequence for OEP21 without additional amino acids or a tag to facilitate purification. Overexpression was carried out after transforming E.coli BL21(DE3) cells (Novagen). Recombinant OEP21 was recovered from insoluble inclusion bodies (Paulsen et al., 1990) .
Purification of recombinant protein
For further purification, the protein was dissolved in 6 M guanidineHCl, diluted in 4 M urea, 40 mM HEPES-KOH pH 7.9, and passed over a cation-exchange resin (POROS 20SP, Perseptive Biosystems) from which it eluted at~200 mM NaCl. OEP21 was purified further 5514 by gel filtration over a Superdex75 column (Amersham Pharmacia, Freiburg, Germany).
Isolation of organelles and membrane vesicles
Pea plants (Pisum sativum, var. Golf) were grown in a growth chamber and used for the isolation of intact, silica sol-purified chloroplasts as described before (Waegemann and Soll, 1991) . Envelope membranes were separated and purified from hypertonically treated chloroplasts (Keegstra and Youssif, 1986) . The thylakoids were washed at least twice (50 mM NaP i buffer pH 7.4 and 10 mM NaCl) before further use. Plastids from etiolated leaves, roots or stems were isolated as in Schindler and Soll (1986) . Mitochondrial membranes were purified from potato mitochondria (Braun and Schmitz, 1992) .
Urea treatment of outer membrane vesicles
Outer membrane vesicles equivalent to 20 μg of total protein were centrifuged at 160 000 g for 10 min and the pellet was resuspended in extraction buffer (25 mM HEPES-KOH pH 7.6, 5 mM MgCl 2 ). After addition of 1 vol. of 8 M urea in buffer, the vesicles were incubated for 10 min on ice, separated into soluble and insoluble fractions by centrifugation as above and analysed by SDS-PAGE and immunoblotting.
Chemical cross-linking
Outer envelope membranes equivalent to 20 μg of protein were sedimented at 160 000 g for 10 min and resuspended in 25 mM HEPES-KOH pH 7.6, 5 mM MgCl 2 . After addition of 0.1 or 1 mM bis[sulfosuccinimidyl]suberate (BS 3 ), or buffer, cross-linking was allowed for 15 min on ice. The reaction mixture was centrifuged at 160 000 g for 10 min, and the pellet was resuspended in Laemmli buffer and submitted to SDS-PAGE and immunoblotting.
Immunoprecipitation assays
Immunoprecipitation with α-OEP21 or pre-immune serum was carried out as described in Mason et al. (1988) .
Chloroplast protein translocation assays
Translocation assays contained chloroplasts equivalent to 15 μg of chlorophyll in 100 μl of import buffer [330 mM sorbitol, 50 mM HEPES-KOH pH 7.6, 3 mM MgCl 2 , 10 mM methionine, 10 mM cysteine, 20 mM potassium gluconate, 10 mM NaHCO 3 , 0.2% (w/v) bovine serum albumin (BSA)] and 1-10% of reticulocyte lysate in vitro synthesized 35 S-labelled protein. Translocation reactions were initiated by the addition of organelles and were allowed to continue for 20 min at 25°C. Chloroplasts were recovered from the translocation assay by centrifugation through a 40% (v/v) Percoll cushion and further treated as detailed before (Waegemann and Soll, 1991) . Treatment of chloroplasts with the protease thermolysin either before or after a translocation experiment was carried out as described (May and Soll, 1998) . ATP was removed from the translocation product by the addition of hexokinase and 2 mM glucose (Seedorf et al., 1995) .
Reconstitution of OEP21 into small unilamellar liposomes
Small unilamellar liposomes were obtained from purified azolectin (Sigma, type IVS) as described . Purified OEP21 was resuspended in 80 mM Mega-9, 6 M urea, 10 mM MOPS-Tris pH 7.0, mixed with the preformed liposomes and reconstituted by the dialysis technique Hill et al., 1998) . The lipid to protein ratio was adjusted to 10 mg/ml lipid:0.1 mg/ml protein at a lipid concentration of 20 mg/ml. CD spectra were measured at 20°C using a Jasco-J-600A spectropolarimeter as described . Samples contained in a 100 μl/ 1 mm pathlength cuvette were adjusted to the same protein concentration (100 Ϯ 30 μg/ml) and spectra were averaged (n ϭ 30) to improve the signal to noise ratio.
Electrophysiological measurements
Planar lipid bilayers were produced by using the painting technique (Mueller et al., 1962; Miller and White, 1984) . A solution of 50 mg/ml L-α-azolectin in n-decan was applied to a hole (100-200 μm diameter) in a Teflon septum, separating the two bath chambers (total volumẽ 3 ml each) that were equipped with magnetic stirrers. The resulting bilayers had a typical capacitance of~0.5 μF/cm 2 and a resistance of Ͼ100 GΩ. The noise was~1 pA (r.m.s.) at 5 kHz bandwidth. After a stable bilayer was formed in symmetric solutions of 250 mM KCl, 10 mM MOPS-Tris pH 7.0, the solution of the cis chamber was changed to asymmetric concentrations (cis chamber: 2 M KCl, 10 mM CaCl 2 , 10 mM MOPS-Tris pH 7.0). When sodium salts of effectors were used, KCl was substituted by NaCl. The liposomes were added to the cis compartment directly below the bilayer through the tip of a micropipette to allow the flow of the liposomes across the bilayer. If necessary, the solution in the cis chamber was stirred to promote fusion. After fusion, the electrolytes were changed to the final composition by perfusion. The Ag/AgCl electrodes were connected to the chambers by 2 M KCl-agar bridges. The electrode of the trans compartment was connected directly to the headstage of a current amplifier (EPC 7, List Medical). Reported membrane potentials refer to the trans compartment. The amplified currents were digitized at a sampling interval of 0.2 ms and fed into a Digidata1200 A/D converter (Axon Instruments, Foster City, CA) to store on the hard disk of an IBM-compatible PC. For analysis, a Windows™-based analysis software ('SCIP', single channel investigation program) developed in our laboratory was used in combination with Origin 5.0 (Microcal Software Inc.).
Miscellaneous methods
An antiserum was raised in a rabbit against heterologously expressed OEP21 (Harlow and Lane, 1988) . Protein was determined by the method of Lowry et al. (1951) using BSA as standard. Chlorophyll was determined as described (Arnon, 1949) .
